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ABSTRACT 


In the beginning of the 21st century, the world is facing the major challenge of finding energy sources to 
satisfy the ever-increasing energy consumption while preserving the environment. In the race to search 
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alternative energy sources, thermoelectric generators are called to play their role in the improvement of 
the efficiency of the actual energy system by harvesting nowadays wasted heat. This review deals with 
the novel aspects of nano-structuring of thermoelectric materials, from the so called 3D nanobulk 
materials down to the incorporation of OD quantum dots in thermoelectric structures. The improvement 
Keywords: in the efficiency of nanoengineering thermoelectrics benefits mainly from the reduction in the thermal 
Thermoelectricity conductivity. Other promising trends in thermoelectricity are also reviewed, such as, novel nano- 
Energy harvesting i structures, trending materials (polymers, thermionic materials or Zintl phases), spin caloritronics, 
Nano-structured materials BEA ; 3 : y p 2 
thermoelectricity in atomic and molecular junctions, or recent developments in theoretical calculations. 
Finally the review ends with a brief review on recent thermoelectric devices. 
© 2013 Elsevier Ltd. All rights reserved. 
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1. Introduction 


The ever-increasing amounts of electricity needed in everyday 
life and the well-known scarcity of fossil-fuel reserves, power the 
search for alternative energy sources as one of the major chal- 
lenges of the 21st century. Much effort is being invested in this 
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direction, intensified by the impact that the carbon-based 
combustion is causing in the environment. However, considering 
the enormity of the problem every effort is welcome, so that not 
only research on potential resources to substitute fossil fuels (such 
as photovoltaics, wind power technology or hydrogen-based tech- 
nologies) must be encouraged, but also research lines devoted to 
improve the current fuel efficiencies must be followed. Nowadays, 
most of the energy produced in our society is lost in terms of heat, 
mainly in electrical power generation and transport. For instance, 
from the electrical energy for consumption in our houses, around 
60% of the energy extracted from power plants is lost as waste 
heat during its generation [1], and between 8% and 15% is lost as 
heat in the electrical lines for its transport and transformation [2]. 
Therefore, only ~35% of the energy produced in a power plant 
reaches our houses. Another example is the efficiency that is 
obtained in transportation, where 40% of the energy produced in 
a car is wasted as heat and another 30% of the total is used for 
cooling the engine, making a total of 70% of wasted energy, and this 
without taking into account the CO, emissions to the atmosphere 
produced by this extra 70% of petrol that has to be used. It is in this 
scenario where thermoelectric materials can contribute to be part 
of the solution to have a more sustainable world, taking advantage 
of their ability to convert temperature differences into electrical 
power, that is, obtaining power from wasted heat. 

Thermoelectric devices also present the advantage of not having 
moving parts, which makes them more silent and easier to maintain 
over time if compared with other energy sources. A clear example of 
their durability without maintenance can be found in the thermo- 
electric devices that the NASA's spacecrafts Voyager 1 and 2 use as 
main resource of their electrical power since 1977, when they were 
launched, and which continue working and sending data to earth 35 
years later. Another advantage is their easy miniaturization, which 
makes them suitable for their integration in small devices, such as 
watches, transmitters, etc. Also, these devices can be used for cooling 
and heating applications, since by passing an electrical current 
through the devices they generate a difference in temperature. Uses 
range from simple food, wine cabinets or beverage coolers for a 
picnic to extremely sophisticated temperature control systems in 
space vehicles, infrared detectors, or missiles. 

The goodness of a material in terms of thermoelectricity is 
given by the Figure of Merit proposed by Altenkirch in 1909, ZT= 
(S?-o/ x)-T, where S is the Seebeck coefficient (the potential 
generated per degree of applied temperature difference), o the 
electrical conductivity (the ability to conduct electricity), K=Kxe +K; 
the thermal conductivity (the ability to conduct heat energy by both 
the electrons, xke, and the lattice, x;, sometimes referred to as the 
phonon conductivity), and T the absolute temperature. Sometimes, 
in absence of thermal conductivity data, the Power Factor=S?-o can 
be used to give an idea of the goodness of a thermoelectric material. 
The Figure of Merit is directly related to the efficiency of the 
material as energy converter, being the main subject of research the 
improvement of the Figure of Merit of the currently available 
materials in order to make them competitive in the market. The 
relation between the Figure of Merit and the efficiency of a 
thermoelectric device is given by the following formula: 


n(%) = 100: (4°). _ 
TH J VW142T+(Tu/TO 


where 7 is the efficiency in %, T4 and Tc are the hot and cold 
temperature sides, respectively, and ZT is the Figure of Merit at the 
mean temperature. The variation of the efficiency as a function of 
the hot temperature can be found in Fig. 1 for several values of ZT. It 
must be noted that the Seebeck coefficient, electrical conductivity 
and thermal conductivity in this formula are supposed to be 
constant in the whole temperature range. Fig. 1a shows the 
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Fig. 1. Efficiency of a thermoelectric device as a function of the hot temperature for 
various values of the ZT is shown. The cold side is assumed to be at (a) a fixed 
temperature T=0 °C, (b) a variable temperature (see AT in the inset), and (c) 25 °C 
below the temperature of the hot side (TH). 


efficiency of a device which works with the cold side at a constant 
temperature of 0 °C. This situation, however, is rather unlikely since, 
in practice, it is very difficult to maintain the cold side fixed at 0 °C 
or even at (27 °C), being more common to have the cold side at a 
temperature higher than room temperature (RT, usually taken as 
27 °C). It is worth mentioning that this is not usually taken into 
account, and that is what present Fig. 1b and c, where the impact on 
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Fig. 2. Summary of the main applications of thermoelectric devices depending on their working temperature range. Also the best materials for each range to date are 


displayed. The white bars mark the limits for each temperature range. 
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Fig. 3. Different approaches to increase the Figure of Merit ZT of thermoelectric materials taking into account classical physics or quantum physics. 


the efficiency of a device when the temperature of the cold side 
increases from RT is shown. This gives a more realistic view of what 
could be achievable by a TE device. In the case of Fig. 1b, a constant 
difference of temperature of 25 °C has been assumed between the 
hot and the cold side. In Fig. 1c, a variable temperature difference is 
considered (shown in the inset of Fig. 1c). 

Nowadays, the highest ZT values obtained are starting to get 
higher than 1. The target ZT that would make these devices 
interesting for more than only niche applications is a ZT of 2 or 
higher. Furthermore, as it is shown in Fig. 1a-c, keeping the cold 
side as low as possible is also of great importance to allow a high 
performance of the thermoelectric devices. 

Nowadays, examples of applications for these materials are 
scarce, but some examples of power generating devices based on 
thermoelectric materials which are now on the market are sum- 
marized in Fig. 2. For example, some low temperature devices are 
consumer lighting/power, industrial sensors and building automa- 
tion. In this temperature range, the most commonly used materials 


are BizTe3 based alloys. Nevertheless, new materials are under study 
such as polymers [3] or silicon with nanosize pores [4], which ZT 
values are starting to be very interesting for future applications. In 
the medium to high temperature range devices for cook stoves, 
turbine sensor power, jet engine bearing sensors or vehicle exhaust 
gas heat recovery power systems among others, are commercialized 
or in demonstration stages. For this temperature range the best 
materials right now are PbTe based alloys, which contain lead (the 
lead content is why the PbTe is of low interest for applications 
within Europe due to the RoHS directive, which includes lead on the 
list of Hazardous Chemicals). For high temperature applications 
Skutterudites, SiGe alloys and Half-Heusler compounds are the best 
choices at this moment. The applications within this temperature 
range are found mainly in recovering industrial wasted heat. All 
these informations are summarized in Fig. 2. 

Therefore, in order to improve the material’s thermoelectric 
performance, the ZT must be increased [5] (see Fig. 3) enlarging 
the electrical conductivity (improving the conduction of electric 
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current in the material, increasing the mobility of electrons and 
reducing its bandgap, for example), lowering the thermal 
conductivity (usually its lattice contribution «x, is more easily 
tuned by the introduction of interfaces), or increasing the Seebeck 
coefficient, for instance by electron scattering or energy filtering. 

Historically, the first materials studied in the frame of thermo- 
electricity were metals, when the Seebeck effect and the Peltier 
effect were discovered in the 19th century [6]. Soon, it was shown 
that the efficiency of metals was quite low compared to that of 
semiconductors, especially those with low bandgap which present 
higher Seebeck coefficient. Nevertheless, there is a main drawback 
to improve the Figure of Merit, which is that the coefficients S, xe 
and øc in classical physics are interrelated, in such a way that it is 
not possible to increase one without affecting the others. There- 
fore, a compromise has to be reached to find the maximum ZT 
value. In this sense three different strategies have appeared in 
order to improve the ZT: (a) looking for new materials with 
complex band structures, like heavy fermion compounds (this 
approach increases (t)S while keeping the values of o and xe); 
(b) controlling the disorder in materials that can be considered 
electron crystals and phonon glasses, like Skutterudites or Clath- 
rates. These materials present a rattling effect which causes, to 
and decreases ({)x; see for instance ref. [7]; and (c) nano- 
structuring , that could lead to tS due to quantum confinement 
effects, while |x; due to the scattering of phonons at the interfaces. 
This last approximation constitutes the main subject for this 
review, because it is the main reason for the latest improvements 
in the Figure of Merit of different materials. 

The appearance of new physical phenomena at low dimensions 
is now being under extensive study as a way to allow an 
independent control of both S and ø. In the first theoretical 
predictions, the main responsible of this tunability was the change 
that the density of electronic states presents when quantum 
confinement takes place [8]. In addition to this theoretical 
enhancement of the power factor, the reduction of dimensionality 
plays a role on decreasing the thermal conductivity due to the 
increasing phonon scattering in the greater number of interfaces 
that low dimensional materials present when compared with 
normal bulk configuration (see Fig. 3). 

There already are some interesting reviews on thermoelectri- 
city [9-15] that focus on a particular group of materials. There are 
also other works that covered the state-of-the-art in this area 
when they were published [16]. However, the ever-increasing 
literature on thermoelectricity makes it difficult to remain 
updated, and that is why we present this new work. In this 
review, we will try to summarize and update some of the main 
strategies that are being followed nowadays to produce efficient 
thermoelectric devices with higher performance via nano- 
structuring in 3, 2, 1, and O dimensions. It should be highlighted 
that the main advances obtained so far have arisen from tailoring 
the lattice thermal conductivity, x which is independent of the 
other relevant parameters present in ZT [17]. For a more detailed 
explanation of the effect that nano-structuring has in the electro- 
nic band structure, density of states, barrier layers in superlattices 
see [9,18-20]. 


2. Nano-structuring of thermoelectrics 


In a theoretical paper by Dresselhaus and Hicks [21], that 
appeared in 1993, it was suggested that miniaturization would 
affect the thermoelectric properties once the quantum regime is 
reached, producing an enhancement in the Figure of Merit ZT. 
In Fig. 4b, extracted from this paper, the calculated ZT is depicted 
for bismuth telluride, showing a dramatic increase when reducing 
the dimensionality from 3D (volume) to 2D (thin films or 
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Fig. 4. (a) Simplified sketch of a thermoelectric device and (b) theoretical calcula- 
tions of how the dimensionality and size of the structure affect the ZT value for 
bismuth telluride (extracted from Ref. [21]). (c) Examples of different nano- 
structuring with different dimensionalities. 


superlattices), and to 1D (nanowires) (see Fig. 4c). This initial 
work has powered the field over the last years. Many scientists 
have tried to look for the predicted enhancements and, as a result, 
exciting and innovative breakthroughs have appeared. 

The first studies carried out to confirm the effect of quantum 
confinement effects in the density of states were done in 2D 
superlattices, consisting on PbTe quantum wells of less than 4 nm 
width and Pb;_,Eu,Te barriers [22]. The good agreement with the 
calculations produced a great interest in novel ways of designing 
and growing superlattices to improve the Figure of Merit adjust- 
ment of bulk thermoelectric materials (see Section 2.2). 

As a natural way of lowering the dimensionality, studies on 1D 
quantum wires (Section 2.3) and OD quantum dots imbedded in 
certain matrices or nanoinclusions (Section 2.4) were performed. 
However, the original theory does not strictly apply to the OD case, 
since the calculated enhancement in the power factor for 
quantum-confined 1D and 2D structures occurs in the perpendi- 
cular direction to the confinement, and this direction has no sense 
for OD structures. 

To date, an increase in ZT has been found in some cases in 
which nano-structuring has been performed. It seems to be 
generally accepted that these increases are more related, so far, 
to a reduction of the thermal conductivity (because of the phonon 
scattering at the nano-structure interfaces), than to an increase of 
the Seebeck coefficient. Some groups are working nowadays in 
underlying the physics at the nanoscale for this type of materials, 
and these new efforts are summarized in the theoretical predic- 
tions of Section 3 at the end of this review. 

Based on this decrease of x, due to phonon scattering, there has 
been a whole new branch of research devoted to 3D nanoengi- 
neered bulk materials. Those are materials that present nanoscale 
features (nanograins, for instance, which increase the number of 
interfaces), which give them a lower thermal conductivity than the 
normal bulk material. Although these are the most recently 
investigated materials from a historical point of view, this paper 
will start with them, under the title of 3D nano-structured 
materials. Then we will refer to lower dimension structured 
materials (2D, 1D and OD) and we will review the more recent 
achievements in each of these structures. Finally, we will make a 
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Fig. 5. Different nano-structured bulk materials: (a) and (b) refer to structures consisting on one material but (a) with a polycrystalline nano-structure and (b) compacted 
nanograins. (c), (d), (e) and (f) refer to structures formed by two or more materials, being (c) grains coated with another material, (d) bulk material with nanoinclusions in 
the grain boundaries, (e) grains with nanometric inclusions, and (f) multi-layered grains. Adapted from Ref. [23]. 


brief outlook on other interesting trends that have been arousing 
in the field of thermoelectricity in the last years. 


2.1. Nano-structured bulk thermoelectrics 


Nano-structured bulk materials (NBM) have been developed 
quite recently. They are able to combine low dimensional char- 
acteristics along with the production of bulk samples, which 
makes them easier to handle and shape. This is a great advantage, 
since most of the standard measurement techniques have been 
developed for bulk samples. Moreover, all the industry fabricating 
thermoelectric devices is based on bulk samples. So, if a NBM 
appeared with really high ZT it would, in principle, be easier and 
faster to be introduced in the market than other low dimensional 
structures. 

Those NBM can refer to different structures. On the one hand, bulk 
samples that contain nanometric inclusions and, on the other hand, 
materials that present a heterostructure in the form of nanoparticles of 
the same compound (such as polycrystalline nano-structures or 
compacted nanograins) or different compounds (such as grains 
coated with another material, bulk material with nanoinclusions, 
grains with nanometer inclusions, or multi-layered structures). In 
principle, in all these cases, the number of interfaces is greatly 
increased compared to the normal bulk material (see Fig. 5). In 
addition, it has been experimentally shown [8] that the performance 
of heterogeneous nanoparticle compounds or compounds with nano- 
particle inclusions are higher than the performance of an alloy of two 
constituents. In this way, the importance to preserve the nano- 
structures during the processing is obvious, not only to maintain the 
number of boundaries, but also to conserve the stoichiometry of the 
nanoparticles. 

NBM provide a way to increase the scattering of phonons 
without affecting strongly the electrical charge transport. This 
effect produces a lowering of the thermal conductivity of the 
lattice, x,, over a wide temperature range, without interfering too 


much with the value of the electrical conductivity [8,23]. This end, 
which may not be intuitive, has been demonstrated from a 
theoretical point of view [24]. A simplistic way of understanding 
it is to imagine a nano-structured medium in which the electrical 
carriers can find a path of lower resistivity and make their way 
along the bulk (through percolation effect). In the case of phonons, 
they do not have such an option, because they find obstacles in 
each boundary which scatter them and, thus, reduce the thermal 
conductivity. 

However, there is not yet a complete understanding of the 
reason why the thermoelectric capabilities are increased in some 
nanocomposite materials while in others it is not. There has been a 
big advance in understanding the phonon transport, but the 
carrier transport behavior is still not well understood, in particular 
in those cases with many interfaces or complex nano-structures 
with several scattering mechanisms [19,20]. 

Although the theory behind their thermoelectric performance is 
still to be improved, there has been a lot of experimental research on 
NBM. To fabricate them, nanometric precursors plus reactive SPS can 
be used or nanoparticles of the desired thermoelectric materials must 
be produced. The nanoparticles are usually made via wet chemical 
methods that can be used for the production of different nano- 
structures of thermoelectric materials [25], hydrothermal methods, 
inert-gas condensation methods or ball-milling [8]. Once the nano- 
particles are obtained, they can be compiled into a solid by different 
techniques, such as sintering, spark-plasma sintering (SPS), hot press- 
ing (HP) cold pressing, plasma pressure compaction (PC), extrusion, 
etc. A review of how these techniques are applied to thermoelectric 
materials can be found in Ref. [26]. 

As a first example of dense and strong bulk nanocomposites 
that arise from pressed nanoparticles of a single material, one can 
take Si based alloys (Si,Ge;_,), which have been used as 
bulk thermoelectric materials in the past for the space aircraft 
missions, providing a ZT around 0.5 for p-type and nearly 1 for n- 
type at 900°C. The measurement of the Figure of Merit after 
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compacting nanograins of p-type Sig9Ge29 obtained through ball- 
milling and compressed into a solid by hot pressing has given 
values of ZT=0.95 at around 900 °C [27]. In the case of n-type 
SisoGe20P2 nano-structured bulk, a ZT value of 1.3 at 900°C has 
been achieved following the same preparation method [28]. The 
explanation of these improvements is mainly due to the different 
mean free paths that electrons and phonons present in this 
material [28]. 

One of the traditional and most studied thermoelectric materi- 
als for room temperature applications is BizTe3, which, conse- 
quently, has been one of the first to be transformed into bulk 
nano-structures to improve its ZT [26]. In 2008, disk shaped 
samples were obtained from high purity powders of Bi and Te, 
milled in a 2:3 rate and then compressed via spark-plasma 
sintering. In those samples, a ZT of 1.2 at 150°C was obtained 
[29]. In the search to improve these nanocomposites by tailoring 
the size of the nanoparticles, a two-step synthesis process has 
been developed, which is able to prepare nanoparticles of BizTe3 
under 10 nm radius [30], obtaining a reduction of the thermal 
conductivity by a factor of ~2 at —73 °C, increasing up to an order 
of magnitude at low temperatures (~ —250 °C). Further improve- 
ments have been made with Biz,Te3-based compounds, for exam- 
ple Bi,Sb2_,Te3, for which nanometer-size powder was prepared 
by hot pressing, with a reported ZT of 1.4 at 100 °C [31]. This value 
was increased, afterwards to a ZT of 1.56 at 30 °C with a method of 
melting, quenching, annealing and spark-plasma sintering from a 
bulk nano-structured Bigs52Sb;4gTe3 [32]. Moreover, there are 
studies that show, from a theoretical point of view, that a change 
in the concentration of the different elements can lead to an 
optimal compound such as (Sbo.75Bio.25)2Te3, which could reach a 
ZT value as high as 1.8 at 27 °C [33]. 

Another material which has been considered for nano- 
structuring is PbTe, which exhibits a ZT of 0.7 at around 400 °C. 
In Ref [34] is observed an increase of S in nano-structured PbTe 
with inclusions of EuTe prepared by conventional metallurgical 
treatments, such as ball milling, and then pressed and sintered. 
The authors study the dependence of the Seebeck coefficient in 
terms of a scattering parameter (4), that depends on the scattering 
mechanism of the carriers (interaction with phonons, impurities, 
etc.) and that controls the energy dispersion relation. Further 
studies show that PbTe can be modified including an excess of 
lead as nanometre size metallic nanoparticles (~30 nm) [35]. This 
lead precipitates, producing an enhancement of the Seebeck 
coefficient when compared to bulk PbTe [36]. In another different 
approach the synthesis of 100-150 nm spherical PbTe nanocrys- 
tals is presented via solution-phase and then spark-plasma 
sintering [37] obtaining an enhancement of S, but with an overall 
ZT of 0.1 at RT, very similar to the value of bulk samples. The 
given explanation for this effect is that the sintering methods on 
PbTe nanopowder produce an increase on the size of the 
nanograins, giving rise to grains not smaller than 1 um in the 
final composite, leading to the same properties of the bulk 
compound [26]. Among the efforts to maintain the size of the 
grains after the sintering, one of the approaches is the use of 
thallium to dope the PbTe and introduce impurity levels that 
allow a ZT value of 1.5 at 500°C for bulk nano-structured 
Tlo.o2Pbo.ogTe [38]. Very recently, several works have reported 
improved values of the ZT up to 1.8 at 525 °C and 575 °C in PbTe- 
PbS [39] and PbTe-PbSe [40] alloys, respectively, that are able to 
successfully combine the distortion of the density of states 
through the doping with Na and the reduction of the thermal 
conductivity with the aid of nano-structuring. Detailed transmis- 
sion electron microscope studies on the PbTe-PbS 12% samples 
revealed precipitates of 1-10nm and 100nm size of the PbS 
phase, in which the Na presence plays an important role being 
the responsible of the phonon scattering. 


AgSbTez is a compound that is more likely to be found 
mixed with other phases, such as SiGe (named TAGS, with 
a ZT of 1.2 at 150°C) than by itself, due to the apparition of 
segregated phases with little loss of its stoichiometry. It has an 
extremely low thermal conductivity (0.63W/mK at RT), 
which makes it a very interesting material for thermoelectric 
applications. In 2008, H. Wang et al. [41] prepared this compound 
by mechanical alloying and spark-plasma sintering obtaining 
a ZT value of 1.59 at 300 °C, and a reduced thermal conductivity 
of 0.3 W/m. K at room temperature. In 2010, Xu et al. explored a 
new synthesis route involving sonochemistry and SPS, obtaining 
similar results to the previously reported by Wang (ZT of 1.55 at 
260°C [42]). Very recently, another work reported slightly 
enhanced values of the ZT up to 1.65 at 300°C introducing 
nanopores of 5-10 nm in the bulk prepared by melt spinning 
and SPS [43]. 

As mentioned above, the AgSbTe, is usually found as a 
constituent of other phases. In particular the mixing of the 
AgSbTe, with the cubic PbTe has given rise to a new material, 
known as LAST (Lead, Antimony, Silver and Tellurium, 
AgPbmSbnTe2+m), which reaches a bulk ZT value around 1. This 
compound presents nanoinclusions that act in a similar way to the 
quantum dots in the case of superlattices of PbSeo.9sTeo.02/PbTe 
(see Section 2.2). They have a complex crystalline structure, based 
on the NaCl lattice (Na is substituted by Ag, Pb and Sb; and Cl 
substituted by Te) with electronic and structural distortions, which 
lead to a reduction of «,. Moreover, through a change of their 
composition (varying m and n) both the carrier concentration and 
the electrical conductivity can be tailored obtaining n-type and 
p-type materials. The nano-structuration of this material was 
introduced by Kanatzdis in the year 2004, where the fabrication 
method was a melting followed by a really slow cooling, in order 
to obtain the nanocomposite material with a lot of nanoscale 
inhomogeneities within the PbTe matrix. The reported Figure of 
Merit was ZT=2.1 at 530 °C [44], and even though later experi- 
ments obtained lower values, around 1.5 and 1.7, a lot of research 
is being devoted to these materials nowadays [45-47]. Preparation 
of LASTs via mechanical alloying and spark-plasma sintering 
has reverted in values of ZT of 1.37 at 400°C [45] and newer 
research substituting silver with sodium [48] or potassium based 
LASTs [49] have shown values of 1.7 at 375 °C and 1.6 at 475 °C, 
respectively. 

One more promising family of novel thermoelectric materials is 
Skutterudites, with a CoAs3 type structure. In general, they are 
formed by a transition-metal such as cobalt, rhodium or iridium, 
along with a second element such as phosphorous, arsenic or 
antimony with the formula MXs3, being M the transition metal and 
X the other element. The high Seebeck coefficient and electrical 
conductivity that exhibit the Skutterudites make them quite 
attractive for thermoelectric applications. Another advantage that 
they present is their reduced production cost, due to the elements 
that constitute these materials, compared to other classical ther- 
moelectric compounds [50]. Although, they have a rather high 
thermal conductivity, this has been successfully overcome by 
filling the voids of the centre of their unit cell with large-mass 
and small diameter interstitials (Ca, Sr, Ba, La, Nd, Cr, etc.) which 
produce a rattling effect, increasing the phonon scattering and 
thus reducing the thermal conductivity. Values of ZT as high as 
1.1 at 480 °C with p-type Ceo.28Fe1.5C02.5Sb12 and ZT 1.25 at 630 °C 
with n-type Bao.3Nio.o5C03.95Sb12 have been reported [51]. The best 
ZT value in this kind of material up to date is 1.7 at 577 °C, in the 
Ba,La,yYbyCo4Sb;2 miultiple-filled Skutterudites [52]. The last 
improvements in these materials concern their fabrication, which 
has started to be made with a melt-quench method to fabricate 
CoSb3 Skutterudites doped with both In and Ce, with reported ZT 
values of 1.43 at 530 °C [53]. 
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Fig. 6. Schematic representation of the energy filtering effect. This picture 
represents the particular case of the half-Heusler (HH) alloys with nanoinclusions 
of full-Heusler alloys (FH). Adapted from [60]. 


In the case of nano-structured Skutterudites, nanoparticles 
have been fabricated via hydrothermal synthesis and then bulk 
CoSb3 has been prepared by spark-plasma sintering or hot pressing 
[54]. Moderate ZT values of 0.7 in n-type CoggNip2Sb3 at 500 °C 
nanocomposites have been already achieved [55]. There are also 
studies on CoSb3 modified with fullerene additions which are 
synthesized by SPS [56], creating new grain barriers due to the 
presence of Ceo that affect the carrier scattering and produce an 
increase of the ZT value of bare Skutterudites. Also nanosize oxides 
have been introduced in the bulk matrix of CoSb3 such as Yb203 
Nnanoprecipitates, or CeO, nanoparticles, among other oxides [57]. 

Half-Heusler (HH) compounds are other low cost and thermo- 
electrically efficient materials. They crystallize in the MgAgAs 
structure and are more environmentally friendly than LAST or 
PbTe systems. They present a narrow bandgap along with a 
density of states with a sharp shape near the Fermi level. ZT 
values reported for these materials range from 0.8 at 530°C 
for Hfo.75Zl.25Nio.9Pdo1SNo.975Sb0.0025 to 14 at 430°C for 
(Zro.sHfo.5 )o.sTio. sNiSni_ySby, [58]. In principle the obstacle for their 
use as efficient thermoelectric materials is their high thermal 
conductivity, what gives them much room for improvement with 
the aid of nano-structuring. For the moment, there has not been 
much increase in their Figure of Merit due to nano-structuring. 
Nevertheless, some improvements have been recently reported 
with an enhanced ZT of 1 at 600-700 °C. This has been achieved in 
nano-structured bulk samples prepared by hot pressing of nano- 
powders of Hfo.75Zro.25NiSno.99Sbo,01 [59]. Another approach that 
has been followed is the use of the “energy filtering” effect. The 
concept of energy filtering is based on the introduction of barriers 
of 1-10 times k,T in the valence band for p-type materials or in the 
conduction band in the case of n-type materials. These barriers 
prevent the transmission of low energy carriers, which cannot 
surpass them, and that is why this effect is called “energy 
filtering”, because it filters the carriers with lower energies 
(Fig. 6). Thus, the conduction is only due to the carriers with 
higher energy (also called “hot™ carriers). This results into an 
increase of the Seebeck coefficient, due to the fact that its value is 
related to the thermal energy of the carriers. The total thermal 
energy becomes higher once the ~cold~ carriers have been 
removed and only the “hot~ ones are left. In the case of the 
Half-Heusler (HH) nano-structured compounds, these are pre- 
pared with nanoinclusions of Full-Heusler alloys (FH) that act as 
an energy filter for the low energy electrons, remaining the high 


energy electrons almost unaffected. With this method, the HH 
alloy (Zro25Hfp.75NiSn) has been prepared with sub-10 nm scale 
nanoinclusions of the FH alloy (Zro25Hfp,75Ni2Sn), obtaining an 
enhancement of a 100% in the power factor (~3.5 x 107? W/m K?) 
[60]. 


2.2. 2D: thin films and superlattices 


In order to have access to any possible quantum effects, the 
dimensionality has to be reduced in films (Fig. 4b) so that 
thicknesses of the films are in the order of tens of nanometres, 
depending on the material. 

The nano-structures in which it has been most extensivey 
studied the effect of quantum confinement in 2D are the super- 
lattices. They consist in alternating layers of different components 
with thicknesses in the nanometre scale. These structures were 
firstly introduced by Esaki and Tsu in 1970 [61] who studied them 
as ultra-high-frequency oscillators. They were proposed for ther- 
moelectric purposes in 1998 [62], based on the principle of carrier 
pocket engineering. In a general way, the purpose of the layers is to 
block the phonons of the lattice, thus reducing the heat flow, 
without stopping the flow of electrons. It is possible to further 
reduce the thermal conductivity in phonon scattering centres 
added to the structure, for instance, at the interfaces. But this is 
just the classical way of increasing the ZT by decreasing the 
thermal conductivity. In order to take advantage of quantum 
effects in these structures, the layer thicknesses should be reduced 
to a point where the electronic band structure is affected by the 
size of the films, and quantum wells are formed. 

One of the most well-known results in these structures is the 
one reported in 1997 by Venkatasubramanian et al. [63]. They 
fabricated via metalorganic chemical vapor deposition (MOCVD) 
alternating layers of BizTe3 and Sb2Te3 with periods from 1 to 
8 nm. All those films were c-oriented and were bonded to each 
other by van der Waals forces, which prevented bismuth or 
antimony to diffuse to the different layers because of the low 
bonding force. The reported ZT was an impressive 2.0 at 27 °C, that 
was some years later enhanced up to ZT=2.4-27 °C (300 K), which 
is the maximum ZT obtained so far in this system [64]. The 
measurements, however, were performed using the Harman 
method, what implies that they have been done in the out-of- 
plane direction, and since the quantum effects in Dresselhaus’ 
model are expected in the direction perpendicular to the confined 
dimension, this high ZT value cannot be understood within such 
model. Nowadays, some of these interesting results are being tried 
to be reproduced worldwide without much success so far, which 
may be an indicator of the difficulty to stabilize these complicated 
structures. Other groups, which have studied also the cross-plane 
transport in BizTe3/SbzTe3 superlattices, have also demonstrated 
that the reduction of the thermal conductivity due to the phonon 
scattering at the interfaces is the main cause of improvement in 
the Figure of Merit of those systems [37,38]. The greater effect of 
the reduction of the thermal conductivity in the Figure of Merit 
than that of the power factor was also concluded in the investiga- 
tion carried out in BizTe3/Bi2(Se,Te;_,)3 superlattices [65]. 

Other extensively studied superlattices are those made of lead 
salt films. In all those cases, the enhancement of the Figure of 
Merit is due to a reduction of the thermal conductivity. Some of 
these superlattice structures fabricated by MBE are PbTe/ 
PbSeg2Teog (with a maximum ZT of 1.2 at 230°C) [65], and 
PbTe/Pbo.93EUg.o71e quantum-well structures [22]. In the case of 
PbTe/PbSe heterostructures, the main experimental problem was 
the lattice mismatch between both layers, which resulted in PbSe 
quantum-dot structures between the PbTe layers instead of thin 
layers of PbSe. Some of these structures are PbSeg9gT€o,92/PbTe 
showing ZT values of 0.9 at 27 °C [66], and PbSeTe/PbTe quantum- 
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dot superlattices, all fabricated by MBE means [67,68], where 
values of ZT as high as 1.6 and ~3.0 at 27°C and 300°C, 
respectively, were obtained when Bi was used as n-type dopant. 

Other interesting superlattices are those based on silicon, 
mainly because they can be envisioned as more easily integrated 
in chips, due to the development of silicon-based industry. In the 
Si/SiGe system, the enhancement of the Figure of Merit was 
demonstrated due to the quantum wells that Si forms [17]. In this 
case, there was a good agreement between experiment and theory, 
supporting the idea that quantum confinement effects in 2D is 
achievable in these systems. Moreover, Si/SiGe superlattices 
show higher power factors than SiGe alloys alone. However, when 
Si/SiGe superlattices and SiGe alloys are compared in the frame of 
an actual microrefrigerator device, both of them show the same 
cooling power [69]. This could be due to a higher thermal 
conductivity in the superlattice than in the bulk SiGe, making 
the superlattice structure comparable to the bulk in terms of 
thermoelectric efficiency, although this would go against the 
general believe that the introduction of interfaces does reduce 
the thermal conductivity. 

In conclusion, in the 2D systems two ideas can be highlighted: 
firstly, there is a lack of metrology related with the measurement 
of the Figure of Merit in the out-of-plane configuration. The 
difficulties arising in these measurements come not only from 
the performance of good electrical contacts, but also from the 
establishment of a thermal gradient through a nanometric length 
and its accurate measurement. Secondly, the quantum confine- 
ment is still to be demonstrated, although there are certain results 
that show good agreement with the theoretical predicted values. 
Those conclusions, however, should be considered carefully since 
the Seebeck coefficient and electrical conductivity are measured in 
the film plane, but thermal conductivity is measured out of plane. 
In most cases, the effect of phonon scattering seems to play a more 
important role in the increase of the Figure of Merit than the 
possible quantum effect on the density of states. 


2.3. 1D nanowires and nanotubes 


According to the theoretical predictions shown in Fig. 4, the 
greatest quantum effect on the thermoelectric Figure of Merit 
would be found in the lowest dimension present in the graph, this 
is, 1D. Therefore, quantum wires of thermoelectric materials have 
been developed. The advantage of these structures is that when 
the diameter of the nanowires or nanotubes is decreased, the 
electronic density of states presents singularities which increase 
largely the density of states at certain energies (van Hove singula- 
rities). The aim, therefore, is to reduce the sizes of the nanowires 
enough to house just a few quantum states, causing a split in the 
energy bands that gives rise to discrete sub-bands. In that way, the 
semiconductor can become a semimetal in practice. Some of the 
most studied materials in the form of 1D structures have been Bi 
and Bi-based compounds. Actually, the first experimental observa- 
tions of quantum confinement effects were performed in Bi 
nanowires. In 1998, Heremans et al. suggested the observance of 
quantum confinement effects in the magnetoresistance of Bi 
nanowires of 200 nm in anodic alumina templates prepared by a 
vacuum evaporation technique [70]. Moreover, the same year, 
Dresselhaus et al. prepared Bi nanowires employing vacuum melt- 
ing bismuth on top of commercial porous alumina of several 
diameter pores followed by a pressure injection process [71]. 
In this work they reported a semimetal to semiconductor transition 
when reducing the diameter of the wires that was consistent with 
the theoretical predictions of a transition driven by quantum 
confinement effects. The reason why bismuth was chosen is that, 
due to its semi-metallic nature, the size-quantization effects affect 
both the conduction and valence band and, therefore, decreasing 


the diameter of the nanowires below 50 nm (which is achievable 
using alumina templates) a gap appears between both bands. This 
produces a transition to semiconductor-like behavior, which is more 
easily observable than such effects in other properties and therefore 
the quantum confinement can be easily recognized. In the case of 
nanowires of BizTe3, for example, it is predicted that for diameters 
smaller than 30 nm one should start to see an increase in S due to 
quantum confinement [72], along with a reduction in the thermal 
conductivity because of phonon scattering in the surface of the 
nanowires. Conceptually, the template-assisted nanowires growth 
is simple and intuitive. Also, in order to have a final device, the 
nanowires should be inside a matrix so they have mechanical 
stability and a high density of them. In the case of alumina 
> 10! nanowires/cm? can be obtained. Also it is important the 
tunability of the diameter of the template. In porous alumina 
different sizes from 400 nm to 15 nm can be achieved as reported 
in literature [73,74]. Some examples of anodized alumina templates 
normally fabricated in our laboratory are shown on Fig. 7. 

Several thermoelectric materials have been prepared inside 
alumina templates [75] and also inside polycarbonate membranes 
(another interesting template for nanowires) [76] by different 
methods. Among them, we will start with electrochemical deposi- 
tion [77]. The advantages of this technique are, for instance, the 
high deposition rates achievable at cost-efficiency (without 
vacuum systems or expensive facilities), the easy scalability for 
industrial applications, and also that the process is usually carried 
out at room temperature, which produces a reduction of the 
thermal stress in the samples. All these characteristics are crucial 
for their future commercialization. 

In order to fabricate nanowire structures via electrochemical 
deposition, it is mandatory to study firstly the fabrication of films 
with this technique, allowing a way to find the optimal parameters 
to obtain the deposited material with the desired composition, 
homogeneity and quality. A good review on the status of the 
thermoelectric films grown by electrodeposition can be found on 
reference [77]. Once the films have been optimized and the proper 
growth parameters are known, these conditions can be applied to 
the growth of nanowires [78]. Several materials have been 
successfully electrodeposited in films, such as Bi [79], Bi,;_,Sb, 
[80], BizTe3 [81,82], PbTe [83], BizSe3 [84], Bi1-xSÞbx [85], and CoSb3 
[86], among others. A summary on the preparation of nanowires 
arrays by electrodeposition is shown in Table 1. 

As shown in Table 1, the most thoroughly studied material in 
the case of 1D nano-structures obtained by electrodeposition is 
bismuth telluride. In this case, diameters down to 25 nm in porous 
alumina matrices and lengths of around 60 um [87] have been 
reached. 

In the case of one-dimensional thermoelectric materials, one 
can note that there is not much data about the Figure of Merit of 
the different structures. It is worth to mention here the difficulty 
involved in the measurement of the thermoelectric properties in 
the case of nanowires. 

Measurements of the performance of isolated BizTe3 nanowires 
have been performed with suspended micro-chips [88], or with 
the Harman method in 200 nm wires, giving values of ZT of 0.82 
[89]. In that work it has been observed that the Figure of Merit 
decreases with time due to an oxidation layer that forms in the 
surface of the wire. This decay, along with the fact that out of 
40 nanowires measured only three presented measurable ZT, 
points out one of the main difficulties measuring single nanowires, 
that is, the oxide formation on its surface [89]. To prevent this 
oxidation of the nanowires, the thermoelectric properties should 
be measured without taking them out of the alumina matrix, as it 
has been made with the thermal diffusivity of 40 nm diameter 
BizTe; nanowires embedded in amorphous alumina in Ref. [90], 
where a photo-thermal technique was used showing a reduction 
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Fig. 7. Different porous alumina templates synthesized by anodization in our laboratory [73,74] with porous diameters of (a) 15 nm, (b) 25 nm, (c) 60 nm, and (d) 350 nm. 
In (e) the comparison between a whole porous alumina template and a two euro coin can be seen. 


of the thermal conductivity of one order of magnitude compared 
with bulk BizTe3. In a more recent work, a gold layer was 
electrochemically deposited on the end of the wires to prevent 
further oxidation, and the measurements were made the aid of an 
atomic force microscope (AFM). The value of the Seebeck coeffi- 
cient along with the electrical conductivity was obtained [91], but 
an accurate measurement of the thermal conductivity is yet to be 
implemented. Other reports on electrodeposited p-type bismuth 
telluride nanowire arrays (diameters of 120 nm) include measure- 
ments of the thermal conductivity, and give a value of ZT of 0.9 at 
80 °C [92]. It is important to note that the diameters of these wires 
are not small enough to reach the quantum confinement effect, so 
any expected improvement of the Figure of Merit should come 
from the reduction of the thermal conductivity. However, as it 
occurs in the case of BizTe3 electrodeposited films, the Seebeck 
coefficient and the electrical conductivity of BizTe3 electrodepos- 
ited nanowires are lower than those exhibited the bulk or by other 
high vacuum techniques. This is probably due to the fact that the 
perfect optimization of the materials has not yet been achieved by 
this method. More work should be done in this direction. 

Given the interest that attracts the bismuth telluride and its 
alloys from a thermoelectric point of view, other type of 1D nano- 


structure has been prepared. In particular, in 2005, it was shown 
that this material can be obtained in the form of nanotubes [93]. 
With this structure, it presents the advantages of the low- 
dimensionality of the walls along with the hollow structure of 
the tube, which should lead to an increase in the scattering of 
phonons in the tubes without affecting much the electrical 
conductivity, given that electrical current can be transported along 
the walls. These BizTe3 nanotubes were prepared by hydrothermal 
synthesis, obtaining tubes with a few microns length and 
30-100 nm in diameter with spiral tube-walls. Then, to make 
practical devices, this nano-structured powder was mixed with 
n-type BijTe3 at a ratio 15:85, and then hot pressed at 350 °C for 
30 min in vacuum at 50 MPa of pressure. The calculated ZT for this 
structure improved slightly the value found for bulk BizTe3 up to 
~1 at 450 K for the state-of-the-art at the moment. 

Nanowires have also been made of other materials such as 
silicon, showing that although bulk Si is a poor thermoelectric 
material (ZT around 0.01 at room temperature), nano-structuring 
can lead to an increase in the phonon scattering and thus, reduce 
the thermal conductivity and increase the thermoelectric Figure of 
Merit up to values of ~1.0 at —75 °C for nanowires with 20 nm in 
diameter and ~0.3 at RT for nanowires 10 nm wide [94]. In this 
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Table 1 


Summary of some of the most important works on electrodeposited thermoelectric nanowires arrays. 


TE material Theoretical prediction 

Bi Semimetal-to-semiconductor transition at ¢~50 nm 
depending on the crystal orientation [166-168] 
For 5 nm Bi nanowires oriented along the trigonal axis at 
77 K, a maximum ZT of 6 with an optimized carrier 
concentration 10'® cm was predicted [167] 

Bi,_xSby ZT of 1.25-1.5 for 35-45 nm diameter nanowires of 10-15 at 
% Sb [175] 

BizTe3 ZT enhancement for nanowires of less than 10 nm through 
enhanced charge carrier mobility by quantum confinement 
effects [21] 

(Bi1-xSbx)2Te3 

Sb2Te3 

BizTe3_ySey 

CoSb3 

PbTe 

PbSe;_,Tex 

InSb Values of ZT higher than 1 for InSb nanowires with 


¢~10 nm, and ZT up to 3 for ¢~5 nm [191] 


case, nanowire fabrication was carried out with the superlattice 
nanowire pattern transfer (SNAP) method, where the achieved 
enhancement of the ZT value was explained through the phonon 
drag effect (the phonon drag is a contribution to the Seebeck effect 
that is due to the phonon flow from the hot to the cold side of the 
samples that “push” the charge carriers, as its name suggests, to 
the colder side of the sample through the phonon-electron 
(phonon-hole) interaction). The explanation involves the 
increased roughness of the nanowires, which scatter mostly the 
phonon modes that mostly affect the thermal conductivity. The 
effect of roughness has been observed also in Silicon rough 
nanowires prepared via electroless etching in an aqueous solution 
of AgNO; and HF from a Si wafer, with diameters varying from 20 
to 300 nm [95]. 

A different approach to the tailoring of the thermoelectric 
efficiency on nanowires is the fabrication of segmented nanowires, 
as shown in [96]. Here, GaAs/GaP nanowire superlattices were 
grown via laser- assisted catalytic growth of solid targets, and the 
diameter of the nanowire was controlled by metal-catalysed 
synthesis of vapor-liquid-solid (VLS) process. In theory, those 
nanowires should present high electrical conductivity along the 
length of the nanowires while blocking to a great extent the 
phonon transport by phonon scattering at the interfaces of the 
different layers. This phenomenon can be achieved due to the 
difference of the atomic masses of the constituents of each 
segment, as it is shown, for instance, in the phonon conductivity 
theory developed for Si/Ge superlattices nanowires in Ref. [97]. 

Also, in 2005 Qiu et al. [98] presented a novel method of 
growing nanorods of PbTe by sonoelectrochemistry. With this 


Template Experimental observations 


Polycarbonate Among the first to synthesize and electrically characterize 


electrodeposited Bi nanowires [76,169,170] 


Alumina Single crystal [171-174] 

Alumina ¢~200 nm, DMSO is used as a solvent for the first time 
[80] 

Alumina ¢~40 nm [176] 

Alumina Bi/Sb superlattice [177] 

Polycarbonate ¢~20-100 nm [178] 

Alumina ¢~200 nm [179] 

Alumina ¢~40 nm, first work on lab-made alumina templates [180] 

Alumina o~25 nm [87,181] 

Alumina g~15 nm [182] 

Alumina ¢~15 nm [183] 

Alumina pulse electrodeposition [184] 

Alumina core/shell polyaniline/BizTe3; nanowires [172] 

Highly step edge decoration [89] 

oriented 

pyrolytic 

graphite 

(HOPG) 

Alumina First time it was obtained. ¢~40 nm. In this work also films 
are grown and the electrochemical reaction mechanism is 
presented [78] 

Alumina Bi2Te3/(Bio.3Sbo,7)2Te3 superlattices [185] 

Alumina p~50 nm [174] 

Alumina First time it was obtained. ¢~40 nm. In this work also films 
are grown and the electrochemical reaction mechanism is 
presented [186] 

Alumina ¢~200 nm nanowires [187] 

Alumina ¢~60 nm nanowires [188] 

Alumina High-filling rate and in large area are dense and 


continuous [83] 
~20-100 nm [189] 
¢~100 nm nanorods [190] 
¢~50 nm nanowires [192] 


Photoresist 
Alumina 
Alumina 


technique they show monodispersed PbTe nanorods with well 
controlled morphology, crystallinity and composition of the nano- 
rods grown, obtaining diameters down to 10 nm and lengths of 
100 nm without any template. 

As an example of a possible way of implementation of the 
thermoelectric nanowires into practical devices, Lim et al. [99] 
have reported a procedure to obtain a nanodevice comprised of 
electrodeposited BizTe3 nanowires as n-type material and BiSbTe 
nanowires as p-type material, using two alumina templates with 
different diameter pore sizes: a commercial one with 200 nm and 
a home-made alumina template with 43 nm, see Fig. 8. The power 
factors of the corresponding thin films of these compounds 
obtained with the same preparation conditions were of 
8.22 . 1074 W/m K? and 8.88. 1074 W/m K?, respectively, however, 
these properties were measured in the in plane direction, and 
since the nanowires are to be contacted from top to bottom and 
both compounds are anisotropic materials, the expected proper- 
ties of the device should differ from this values. Unfortunately, 
neither characterization of the nanowire arrays nor the efficiency 
of the nanodevice was shown. 

The latest piece of work that we would like to highlight in this 
section is the measurement of the electrical conductivity of 
Bio.3Sbo.7 nanowires arrays prepared by electrodeposition into 
porous anodic alumina made by the Stacy group together with 
Marlow industries [100]. In this work, the nanowire/alumina 
composite was assembled into a hybrid nanowire-bulk thermo- 
electric device, and electrical measurements were used to calcu- 
late the ZT of the device. To assure good electrical contacts to all 
the nanowires, Ni was electrodeposited on top of them. The 
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Fig. 8. Thermoelectric nanowire-based device fabrication process (main images: nanotemplate cut-out, insets: corresponding cross-sections). (a) Alumina nanotemplate; 
(b) nanotemplate sputtered with thin layer of gold as conduction and contact layer; (c) nanotemplate flipped over and mounted onto an Au/Ti substrate with silver paste 
followed by blanket deposition of parylene C; (d) first hole patterned in the sacrificial photoresist; the nanotemplate is exposed by oxygen reactive-ion etching and gold 
capped Bi,Te3 nanowires are electrochemically deposited; (e) after the planarization, processing steps are repeated to create the second hole opening, followed by 
Biz-xSb,Te3 electrochemical deposition; (f) finished gold capped BizTe3 and Biz_.Sb,Te3 nanobundled elements ready for top and bottom interconnects (figure and footnote 


taken from Ref. [99]). 


nanowire array produced a temperature difference of 7 °C and the 
hybrid couple had a ZT of 0.12, which is on par with an equivalent 
bulk couple. In this sense, more efforts should be made in 
optimizing the Bi,_,Sb, nanowire arrays and also in achieving 
good thermal and electrical contacts. 

It is remarkable that quantum confinement effects in electron 
magnetotransport and semimetal-semiconductor transition in Bi 
nanowires have been successfully observed. However, experimental 
results fail to indicate any significant enhancement on the ZT so 
far due to quantum confinement. These results can be explained 
taking into account the complexity in performing this type of 
measurements and the fact that much work should be put into 
optimizing the nanowire arrays and in their metrology. Further- 
more, it should be noted that the reported values of the thermal 
conductivity of nanowires prepared with different diameters do 
not give coherent results, which vary from one order of magnitude 
[90] to only 20% lower than the bulk value [101]. Moreover, there 
is an important common conclusion in the works dealing with 
nanowires of reduced sizes, which is that the enhanced ZT values 
are achieved only due to the reduction of the thermal conductivity, 
being the theoretically predicted enhancement of the Seebeck 
coefficient and the electrical conductivity still to be observed. To 
achieve this enhancement it is mandatory to optimize the electro- 
deposition process and to go to smaller diameter sizes. 


2.4. OD quantum dots 


Following the theoretical idea that by lowering the dimension- 
ality higher thermoelectric performance can be achieved through 
the increase in the Seebeck coefficients (due to quantum confine- 
ment) and the reduction of thermal conductivity (due to the 
increase of the phonon scattering), there is also a trend to go 
down to 0 dimensions. From an experimental point of view, that 
means growing quantum dots of thermoelectric materials. It is 
obvious that the improvement of the thermoelectric effect must 
involve not only an increase in the Seebeck coefficient, but also a 
high electrical conductivity throughout the material. Therefore, 
the quantum dots cannot be electrically isolated, but embedded in 


conductive matrices. The common approach to introducing OD ina 
thermoelectric system is to place quantum dots inside a bulk 
material, superlattices, or even nanowires. 

In the case of superlattices, an example of structures with 
embedded quantum dots was already mentioned, when PbTe/PbSe 
heterostructures were described. There are many other cases 
where quantum dots have been incorporated to superlattices 
[67,68], and they are usually referred to as quantum-dot super- 
lattices. The usual means of fabrication of these structures is MBE 
growth. 

Another example of reduced dimensionality can be found in 
multi-layered nanowires. Some of these structures were fabricated 
via electrochemical deposition to study giant magnetoresistance 
[98], but the principle is the same for the fabrication of thermo- 
electric structures. In the case of the ref. [102], Si/SiGe nanowires 
were fabricated by a combination of chemical vapor deposition 
(CVD) and pulsed laser ablation, giving rise to ordered nano- 
structures along the nanowires. These structures were presented 
as promising from a thermoelectrical point of view, due to possible 
quantum effects. Nevertheless, the measurement of their thermal 
conductivity presents a similar dependence with temperature 
than in the case of Si/SiGe superlattices, which suggests that the 
main process involved in the increase of their efficiency is the 
scattering of phonons in the SiGe layers, along with scattering in 
the boundaries [103]. 

The general result of introducing quantum dots or OD struc- 
tures inside other thermoelectric structures or materials is an 
increase in the total Figure of Merit. However, this enhancement 
has not yet been proved to be a quantum effect, but a result of 
decreasing the thermal conductivity of the lattice by increasing the 
number of boundaries and defects in the material. In 2009, Kim 
et al. [104] studied the influence of the dimensionality on the 
performance of the thermoelectric devices. The main conclusion 
was that reducing dimensionality does not guarantee the 
enhancement of the efficiency; the important features are the 
shape and magnitude of the transmission channels, which depend 
also on the density of the nano-structures and their sizes. In this 
way, small quantum wells (OD) and wires (1D) are needed to 
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Fig. 9. Thermoelectricity in nano-scale materials: some of the main achievements. 


increase the packing density and the proper thicknesses in the 
case of films (2D) have to be chosen to achieve any possible 
improvement of the 3D efficiency. 

A summary of some of the best results so far in nano- 
structuring of thermoelectric materials is shown in Fig. 9. 


3. Other trending topics in the field 


So far, we have reviewed the most common materials where 
nano-structuring is being applied and higher ZT values are being 
achieved. There are other materials, however, where much effort is 
being invested and which are pushing hard to become trending 
topics in thermoelectricity. This is the case of novel nano-struc- 
tures, such as polymeric materials, thermionic materials, spin- 
dependent Seebeck materials or Zintl phases. 


3.1. Novel nano-structures 


An interesting and quite recent development which is worth 
mentioning for its originality and properties is the novel concept of 
holey silicon. It was reported by Yu et al. [105] and Tang et al. [4] in 
2010, and by Hopkins et al. [106] in 2011. This novel structure is the 
“negative” image of a nanowire array and it consists of a thin silicon 
membrane in which holes of a few nanometres (down to ~32- 
34 nm) in diameter have been made via lithography. These works 
show a highly reduced thermal conductivity, especially in the in- 
plane configuration (down to x= 1.14 W/m K), without affecting much 
the electrical conductivity and the Seebeck coefficient. This reduced 
value of x gives rise to a value of ZT=0.4 at room temperature. 

Very recently, Dechaumphai and Chen [107] published a 
theoretical work where they show that the classical incoherent 


phonon boundary scattering within the Boltzmann transport 
equation does not explain the obtained value of the in-plane 
thermal conductivity in holey silicon. Dechaumphai and Chen 
present a model that explains the experimental data, where the 
phonons with a mean free path lower than the distance between 
holes are treated like particles, while the phonons with a mean 
free path higher than this distance are interpreted as waves. An 
important conclusion of their work is that further reduction of the 
diameter of the holes and the distance between holes would yield 
a further reduced thermal conductivity. 

Future research in this field aims to nanoparticle design. Novel 
chemical roots are being employed in obtaining new nanoparticles 
of thermoelectric materials. In this direction Mehta et al. [108] 
have demonstrated that p- and n-type bulk nanomaterials with an 
enhanced ZT of 1.1 at room temperature can be obtained using a 
bottom-up wet chemical synthesis followed by a sintering process 
by conventional methods. It is interesting that the reported 
improvement of the Figure of Merit is due not only to the usual 
reduction of the thermal conductivity because of the nano- 
structuring, but it is also due to an enhancement of the power 
factor produced by sulfur doping, which appears as a consequence 
of the preparation method. In these structures, the achieved ZT 
means an improvement of the 25% with respect to the correspond- 
ing bulk material. 


3.2. Polymers 


Organic polymeric materials constitute a recent growing topic 
in thermoelectricity thanks to their easier process of preparation 
when compared to that of inorganic materials, their cheap price in 
some cases, their high flexibilty, and the easyness to tune their 
properties with simple changes in their molecular structures. 
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Besides, they are considered environmentally friendly. The organic 
polymers, however, present an important drawback, which is their 
thermal instability at high temperatures, so they are limited to 
near-room-temperature applications. Among the immense num- 
ber of organic polymers studied nowadays, the ones that present 
the most suitable properties for thermoelectrical applications are 
the conjugate polymers, such as polyacetylene [109], polyaniline 
(PANI) [110], polycarbazoles [111], or polythiophenes [3,111,112]. 
All these families of polymers have the common property of 
showing metal or semiconductor-like conduction with a very 
low thermal conductivity (x< 1 W/m K), which makes them very 
interesting materials for thermoelectric applications. 

The conducting polymers attracted great attention mainly since 
the development of the polyacetylene in 1977 [113], a discovery 
which earned Heeger, MacDiarmid and Shirakawa the Nobel Prize in 
the year 2000. They observed that when doping the polyacetylene 
with iodine atoms its conductivity increased 10 million times. Several 
years later, in 1991, Zuzok et al. [109] reported a slightly enhanced 
Seebeck of this material leading to a power factor of ~10-? W/m K, a 
value which is of the same order than that of the Bi,Te3. This 
polymer, however, is insoluble and unstable in air, which makes 
difficult to deal with it in practical applications. 

The polyaniline (PANI) is another widely studied polymer since 
1980 (see for example ref. [114]). It is a more stable polymer than 
the polyacetilene, but with a lower electrical conductivity 
(c~600 S cm~!). It has been doped with many compounds, among 
which the one doped with hydrochloric acid presents the highest 
ZT=2.67 x 10-4 at T=150 °C in bulk samples [110]. Hostler et al. 
[128] reported an enhanced Figure of Merit of the PANI when 
doped with CSA (camphorsulphonic acid) reaching a ZT~10-? at 
room temperature [115]. This value of ZT has been further 
increased in PANI films prepared by a stretching process, so that 
the alignment of the molecular chains produces an improvement 
of the carrier mobility, leading to a ZT~0.01 at T=72 °C [116]. 

The polycarbazoles are a family of polymers in which the carbazole 
unit may be linked to many positions in the main chain, what gives 
them a wide range of synthetic routes to easily modify their proper- 
ties. They have been extensively studied for their promising properties 
in optoelectronics and light-emitting diodes, and recently their 
thermoelectric properties have been explored. Among the known 
polymers, the poly(2,7 carbazole)-based are the most promising ones 
for thermoelectric applications since they exhibit the largest power 
factor known in pristine polymers (~19 W/m K) [111], with a Seebeck 
coefficient of ~34uV/K and an electrical conductivity of ~160 S/cm, 
that gives a ZT on the order of 107? at room temperature. The fact of 
exhibiting this value of ZT without any doping or nano-structuring 
makes the future of poly-carbaloze based compounds very promising 
for thermoelectric applications. 

Another highly stable polymer is the poly (3,4-ethylenedioxy- 
thiofene), known as PEDOT, which has also been widely investi- 
gated for a number of applications, such as photovoltaics [117], 
sensors [118], bioelectronics [119], electroluminescent devices 
[120] or thermoelectric [3]. When PEDOT is doped with poly 
styrenesulfonate) (PSS), the electrical conductivity shows values 
as high as 600Scm™! and a very low thermal conductivity 
x=0.34 W/mK) [121]. However, the low Seebeck coefficient 
S~15 uV/K) results in a poor power factor (PF=1.04 x 107° W/ 
m K?) and a ZT=9.2 x 107° at room temperature, which is two 
orders of magnitude lower than the reference inorganic materials. 
Nevertheless, a recent work by Bubnova et al. [3] shows that when 
the polyanion PSS is exchanged by small anions, such as tosylate 
Tos), the resulting films of PEDOT:Tos exhibit an enhanced 
Seebeck coefficient ~210 pV/K and an electrical conductivity of 
~70Scm7', that combined with the low value of the thermal 
conductivity of 0.33 W/m K gives a value of the Figure of Merit of 
ZT=0.25 at room temperature [3]. This result is very impressive 


for a polymeric material, and makes them a real alternative to the 
existing inorganic compounds at room temperatures. 

The nano-structuration involving polymeric materials has been 
carried out through the fabrication of inorganic materials/polymeric 
materials composites. In 2002, the power factor of Bigs5Sb;5Te3 
nanoparticles/PANI composites was reported to decrease from ~400 
to ~100 W/m K? as the PANI content increased from 1 to 7 wt.% due 
to the reduction in the electrical conductivity [122]. Nevertheless, 
such reduction for the 3 wt% PANI, for example, was only a factor of 2, 
so that, a decrease of one half in the thermal conductivity of the 
composite would lead to an increase of the Figure of Merit. Some 
years later, the above mentioned work of Hostler et al. [115] studied 
the properties of PANI with a 1 wt.% of ~10 nm size Bi nanoparticles. 
The resulting composites showed a slight increase of the ZT of the 
PANI alone, from ZT~107° to ZT~1.4 x 10-3 at room temperature. 
Other works reporting inorganic nanoparticles embedded in PANI 
matrices are, for example, PANI/graphite composites with a ZT of ~1.4 
at 120 °C [123] or PbTe/PANI nanopowders [124]. It is worth mention- 
ing that although both of them reported enhanced properties of the 
polymeric part, none achieved improvements with respect to the 
inorganic material. Other composites are PEDOT:PSS with Te core 
nanorods with a ZT of 0.1 at RT [125] or PEDOT:PSS with BizTe3 
nanoparticles [126], where n-type and p-type conduction were 
reported with power factors of 80 „W/m K? and 131 W/m K? and 
ZT of 0.04 and 0.08 at room temperature, respectively. BizTe3 
nanoparticles with a 5 wt% content of polythophene content has 
been also reported [127] showing a ZT of 0.18 at 200 °C, which is 
much lower than the inorganic material without polymeric addition. 

Another novel idea in the field of polymers is the use of carbon 
nanotubes (CNT) for thermoelectric applications. This is interesting 
because they present in 2D a linear relation between E and k at the 
Fermi level instead of the common parabolic one, so they can even be 
considered as a quasi 1D system [36]. The carbon nanotubes have 
been extensively studied as part of polymers/CNT composites. In this 
way, the 1D feature of the CNTs can be combined with the low 
thermal conductivity of the polymer materials. In 2008, Yu et al. 
[128], reported a ZT of 0.006 at room temperature for CNT/poly (vinyl 
acetate) (PVA) for a 20 wt% of CNTs. Some years later, the same group 
studied the CNTs embedded in a mixture of PVA and PEDOT:PSS 
prepared in films [129], which exhibited an enhanced Power Factor 
up to 160 „W/m K? in the in-plane direction. The thermal conduc- 
tivity was measured in the out-of-plane direction, giving a value of 
0.2-0.4 W/m K, and it was roughly estimated in the in-plane direc- 
tion to be between 1 and 10 W/m K, what would mean a ZT between 
0.02 and 0.4 at room temperature. Meng et al. [130] tested the CNTs 
with PANI, reporting a ZT of 107° at room temperature with a power 
factor of 5 x 10-° W/m K? and a thermal conductivity of x~0.5 W/ 
m K. The same composites of CNTs/PANI were prepared by Yao et al. 
[131], with an enhanced power factor (PF~5 x 10-° W/m K?) but a 
higher thermal conductivity (x~1.5 W/m K), which resulted in a ZT of 
~0.004 at RT. However, the highest ZT reported for CNT/polymer 
composites was obtained using PEDOT:PSS as a polymeric matrix. 
These structures showed a value of ZT~0.02 at room temperature for 
a 35 wt% of CNTs with a PF~25 x 10` W/m K? and a x~0.4 [132]. In 
this work, the CNTs were tested imbedded in PEDOT:PSS and also in 
Arabic gum, which is an insulator, to study the role of the polymer, 
and in the second case much worse results were obtained. 

It is remarkable that the higher enhancements achieved in the 
thermoelectric properties of polymeric materials, including the 
inorganic material/polymer composites and polymer/CNTs com- 
posites do not involve the nano-structuring that so good results 
have produced in the inorganic materials. This can be easily 
understood, since the great achievement of the reduction of 
dimensionality in traditional materials has come through the 
reduction of the thermal conductivity rather than due to the 
enhancement of the power factor because of quantum 
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confinement effects. If we consider that one of the great advan- 
tages of the organic compounds is, indeed, their extremely low 
values of thermal conductivity, little benefit could be expected 
from this procedure. Nevertheless, the works dealing with poly- 
meric nano-structures do report enhanced Seebeck coefficient and 
electrical conductivity, although these improvements, in the case 
of polymeric materials, arise from the realignment of the mole- 
cular chains as in the afore mentioned case of the stretched PANI 
films. In this sense, the improvements achieved with molecular 
chain ordering face the problem that, in general, the transport 
path of the charge carriers in polymeric materials involves in most 
of the cases more than one molecular chain, being the conduction 
controlled not so much by the properties within the molecular 
chain, but by the charge transfer between chains, being their 
percolation a very important factor to take into account [133]. 
Actually, to characterize accurately the thermoelectric parameters 
of some molecules and to avoid the percolation factor, Reddy et al. 
have trapped the organic molecules between two electrodes with 
a temperature difference across them [134]. Moreover, in a recent 
work it was predicted for different DNA-like chains [135,136] that, 
under certain conditions, the Seebeck coefficient and Figure of 
Merit of a lead-DNA-lead junction can be two orders of magnitude 
higher than that of other single-molecule junctions studied so far, 
which are on the order of few pV/K. These high thermo-power 
values seem to appear from transport resonance effects, which can 
be tuned rather easily in DNA. 


3.3. Thermionic materials 


Thermionic devices can be used as energy generators [137] or 
refrigerators [138], just the same as the thermoelectric devices. 
They were originally developed as two parallel metal plates 
separated by a small evacuated space. The working principle is 
based in Richanson’s equation for the electron current emitted by 
a metal with a certain work-function (which is related as the 
energy needed to “evaporate” the electron from the metal) at a 
certain temperature [138]. In this way, a cathode is placed in contact 
with a heat source that provides enough energy to the electrons of 
the metal to overcome the potential barrier and get to the cold 
anode. The anode is connected to the cathode through a load 
resistance, allowing the electrons to return again to the cathode. As 
in the thermoelectric case, if instead of a temperature difference a 
voltage is applied between the metal plates, an electron flow 
appears from the metal with the higher Fermi energy to the metal 
with the lower Fermi energy, producing in the process a cooling of 
the cathode. The problem of these devices is that the work-function 
of the available metals limits their use to high temperature 
applications (T> 500 K). In 1997, solid state heterojunctions were 
proposed as energy barriers in thermionic devices so that they were 
available for lower temperature applications [139]. In the case of 
refrigeration devices, they are known as heterostructure integrated 
thermionic (HIT) coolers. In the HITs, the barrier can be formed by a 
single layer or by multiple layers, as it is the case of superlattices. In 
the latter, Vashaee and Shakouri [140] predicted values of ZT > 5. 
However, studies by Radtke et al. [141], Ulrich et al. [142] and others 
[139], showed that the use of thermionic/energy filtering processes 
is not advantageous, since the improvement of the ZT is due to the 
reduction of the thermal conductivity as a result of the structure 
used as barrier layer. Some of the materials used to have thermionic 
effect are, for example, Hg9.gCdo 2Te/Hgo.2Cdo.gTe superlattices [140], 
InGaAs/InGaAsP [142] or (Zr,W)N/SCN [143]. 


3.4. Zintl phases 


The Zintl compounds have a nominal composition of AM>Xo, 
where A is an alkaline-earth or a rare-earth element, M is a 


transition-metal or a main-group element, and X comes from the 
groups 15, 14, or more rarely 13. However, due to their content in 
alkali and alkaline-earth elements they are commonly air-sensitive. 
They favorably crystallize in ThCr2Si2-type structure, exhibiting 
large unit cells and a combination of covalent and ionic bonds, 
which make them electron-crystal and phonon-glass materials, 
meaning that they have high electrical conductivity along with low 
thermal conductivity. These characteristics make them quite suita- 
ble for thermoelectric applications [144]. Some examples of this 
category are Ca,,;GaSbg, SrZnSb2, Yb,;GaSbe, and Yb,4MnSb1, 
[145,146]. Following the idea of introducing interstitials and lattice 
distortions, we find the p-Zn,Sb3 compound, which has a high ZT of 
1.3 at 402 °C [147] but with some severe drawbacks: firstly, it is very 
brittle, making it a compound with poor manufacturability [148] 
and secondly, and more important, it presents low thermal stability, 
with thermal degradation caused by Zn evaporation after thermal 
annealing process in vacuum at T > 377 °C [148-150]. Nevertheless, 
nano-structured samples of Zn4Sb3 doped with Cd and prepared by 
melt spinning and SPS reported recently an improved thermal 
stability with similar ZT values [151]. In the Zn-Sb system, the 
phase ZnSb has been also studied as a thermoelectric material. This 
ZnSb phase was originally reported in 1961 to have a ZT of 0.6 at 
187 °C [152]. Very recently, further investigations to improve its 
Figure of Merit obtained a value of 0.9 at 277 °C for Cu doped ZnSb 
samples with Zn3P2 nanoparticles. 

Another similar compound of the type AZn2Sb2 (A=Sr, Ca, Yb, 
Eu) [152] was first reported by Gascoin et al. in 2005 [153], 
resulting in ZT values of 0.35 at 450 °C for the SrZn2Sb2 [154], of 
0.92 at 330°C for the EuZn2Sb2, or 1.2 at 430°C for YbCd2- 
xZnxSb2 with x=0.4 [155]. 


3.5. Spin-Seebeck effect or spin-caloritronics 


Over the last years, after the works published by Gravier et al. 
[156] who reported on the spin-dependent Peltier effect in 
nanowires, and Usida, et al. [157], who observed the spin- 
Seebeck effect induced by a temperature difference along a 
ferromagnetic slab, there has been an increasing interest in this 
subject. This new emerging field is bridging the gaps between 
spintronics, magnetism and thermoelectricity and it is called “spin 
caloritronics”, although “(mesoscopic) heattronics” or “caloric 
transport” have also been suggested. 

The spin-Seebeck effect refers to the new physics related to 
spin, charge and entropy/energy transport in bulk materials, nano- 
scale structures, and devices. This phenomenon occurs in some 
materials due to the different scattering mechanisms involved in 
the conduction of spin-up and spin-down electrons. In this way, 
when a temperature difference is applied, the drift force suffered 
by the electrons is different for the spin-up than for the spin-down 
electrons, and therefore a “spin current” is obtained in the 
material. This spin-dependent effect has been observed in metals 
[157], semiconductors [158] and insulators [159]. Jaworski et al. 
[160] have recently shown that the phonon-electron interaction 
(phonon drag) has an important role in the spin distribution, 
suggesting that proper phonon engineering, combined with mag- 
netic effects, could be applied to produce applications such as 
spin-cooling or magnetically sensitive thermoelectric materials. 


3.6. Recent theoretical predictions 


Since Hicks and Dresselhaus [21] predicted the enhancement of 
the Figure of Merit as a result of the reduction of dimensionalities 
in thermoelectric materials, much research has been done towards 
its experimental demonstration. 

However, in the very last years some authors have revisited the 
theory of the enhancement of the thermoelectric performance due to 
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quantum effects, giving rise to the opinion that such enhancement is 
not straightforward. Actually, there are other important factors that 
were not taken into account in the original work. In 2011, Cornett et al. 
[161] deduced that the enhancement of the Figure of Merit does not 
monotonically increase with the reduction of the diameter of InSb 
nanowires. Instead, it presents a minimum at a certain size from 
which the ZT is finally increased. They also extended this study to any 
material with similar characteristics [162], concluding that the non- 
monotonically enhancement of the Figure of Merit is a general feature. 
Then, the enhancement predicted by Hicks and Dresselhaus would 
only occur in certain materials with particular characteristics. More- 
over, Neophitous and Kosina have performed calculations using an 
atomistic model in silicon nanowires of several diameters [163-165] 
reaching similar conclusions than Cornett et al., but with a funda- 
mental difference: although for reduced diameters there could be an 
enhancement due to quantum confinement, the surface roughness 
scattering (SRS) of the charge carriers would kill any enhancements 
provided by the quantum effects. One important point remarked by 
the authors, is that, contrary to the general opinion, the enhancement 
of the Figure of Merit will not come from an increment in the Seebeck 
coefficient. Instead, this would be due to an increment of the electrical 
conductivity, which can be greatly enhanced in certain crystalline 
orientations. In this way, the mentioned surface roughness scattering 
of the carriers would be overcome. 


4. Devices 


As it usually happens when fundamental research approaches to 
applied research, money has the last word in the research lines that 
will lead to the development of a final device with real possibilities to 
enter in the market. Therefore, in order to have competitive costs in 
the energy obtained by thermoelectric generation, the thermoelectric 
devices must be as cheap as possible, that is, it is necessary to find a 
way to increase their efficiency without increasing their total cost. 
This could be done, for instance, selecting the thermoelectric 
compounds with cheaper elements. To be more precise, the target 
cost obtained from this energy harvesting should be around 1-2 €/W 
to make them competitive with other energy sources. However, as 
shown by Salzeber et al. [50], the corresponding costs related to the 
thermoelectric materials in the production of a thermoelectric device 
based in Skutterudites is just a ~25%, and the manufacturing process 
a ~50% of the total cost (see Fig. 10). This means that, not only the 
composition of the thermoelectric module should be inexpensive, 
but it also must be easy to handle in the industry. Therefore, more 
effort has to be made in improving the architecture of the devices 
themselves. Moreover, improvements in the electrical and thermal 
contacts are mandatory to minimize losses and, consequently, 
increase the performance (efficiency) of the final device. 


5. Conclusions 


In summary, in this review it has been shown that the 
efficiency of thermoelectric materials has been highly improved 
in recent years, clearly surpassing the level of ZT=1 obtained in 
classical bulk materials. In this sense, the increasing know-how on 
the preparation of nano-structures (not only reducing their size 
but also tailoring such reduction) has been demonstrated to be a 
powerful tool to achieve record efficiencies. 

These improvements in the thermoelectric performance provoked 
by nano-structuring, however, have been mainly due to the reduction 
of the thermal conductivity. Although this is a success in itself, the 
enhanced properties from the nano-structuration were expected to 
come also from the improvement of the power factor, as it was 
predicted theoretically. The lack of experimental success in its 
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Fig. 10. Cost assessment for a thermoelectric energy generator (TEG) unit for mass 
production (adapted from Ref. [50]). 


improvement, together with very recent theoretical predictions that 
shadow the expectations of enhancing the Seebeck coefficient, makes 
it necessary to increase the efforts to understand the underlying 
physics of thermoelectricity at the nanoscale (phonon transport and 
carrier transport, in particular, when the number of interfaces 
increase or several scattering mechanisms are present). This will be 
the basis to uncover the real possibilities of the thermoelectric 
materials for efficient energy generation. Regarding this, we believe 
that it is of high importance to improve the metrology of thermo- 
electric nano-structures and to use those measurements as a feedback 
for further optimization of the nano-compounds. Besides, it is 
essential to have reproducibility in the results among different 
laboratories and, to this end, it is also important to have well 
established reference samples, as well as to improve the (electrical 
and thermal) contact resistance. 

Moreover, there is a wide range of thermoelectric materials 
where a huge enhancement of ZT has been achieved in the last 
decade. This further encourages the search for further improve- 
ments which, eventually, may lead to higher performance devices. 
Nevertheless, the engineering aspects of thermoelectric device 
fabrication (design, contacts, and interfacial materials) are still a 
rather unexplored field where much improvement should also be 
achieved during this century to make them competitive. 
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